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As calcium is the most important signaling molecule in neurons and secretory cells,
amongst many other cell types, it follows that an understanding of calcium channels
and their regulation of exocytosis is of vital importance. Calcium imaging using calcium
dyes such as Fluo3, or FRET-based dyes that have been used widely has provided invalu-
able information, which combined with modeling has estimated the subtypes of channels
responsible for triggering the exocytotic machinery as well as inferences about the relative
distances away from vesicle fusion sites these molecules adopt. Importantly, new super-
resolution microscopy techniques, combined with novel Ca2+ indicators and imaginative
imaging approaches can now define directly the nano-scale locations of very large cohorts
of single channel molecules in relation to single vesicles. With combinations of these tech-
niques the activity of individual channels can be visualized and quantified using novel Ca2+
indicators. Fluorescently labeled specific channel toxins can also be used to localize endoge-
nous assembled channel tetramers. Fluorescence lifetime imaging microscopy and other
single-photon-resolution spectroscopic approaches offer the possibility to quantify protein–
protein interactions between populations of channels and the SNARE protein machinery
for the first time. Together with simultaneous electrophysiology, this battery of quantita-
tive imaging techniques has the potential to provide unprecedented detail describing the
locations, dynamic behaviors, interactions, and conductance activities of many thousands
of channel molecules and vesicles in living cells.
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EXOCYTOSIS
Ion channel biology is central to all physiology and regulated
exocytosis, the process of secretion in specialized cells such as neu-
rons and neuroendocrine cells, underlies physiological cell-to-cell
signaling (1). Mis-regulation of exocytosis leads variously to a
number of different conditions, including diabetes (2), neurolog-
ical disorders (3), growth and sleep disorders (4), and asthma (5).
Regulated exocytosis does not proceed spontaneously, but requires
an influx of calcium ions through voltage-gated calcium channels
(VGCCs), with the final fusion event at the plasma membrane dri-
ven by synaptotagmin-dependent mechanotransduction (6, 7) to
the core SNARE complex comprising syntaxins, SNAP-25/23/29
(both target, or t-SNAREs) and synaptobrevins (a vesicular, or v-
SNARE) (8–10) as well as SM proteins, such as munc18 (11–14).
In both neurons and endocrine cells the voltage-dependent cal-
cium influx is typically shaped by a classical negative feedback role
for large-conductance calcium- and voltage-activated potassium
(BK) channels (15–17). Thus disruption of either VGCC and/or
BK channel function also leads to defects in physiology (18–20)
[for example, chronic inflammatory pain is associated (21) with
exon-18 splice variants (22) that lack the putative motif (“syn-
print”) (23) in N-type VGCCs that is thought to interact directly
with the secretory machinery]. Central to all these models is the
requirement for secretory vesicles to be appropriately localized
with the secretory machinery and VGCC and BK channels. Our
understanding of ion channel biology has been defined largely by
electrophysiological approaches, due to their high temporal reso-
lution and single molecule sensitivity. Recent, rapid advancements
in super-resolution imaging now offer the opportunity to test
directly long-standing hypotheses regarding ion channel locations,
interactions, dynamics, and compositions in living cells.
VOLTAGE-GATED CALCIUM CHANNELS AND EXOCYTOSIS
Voltage-gated calcium channels are the voltage sensors that con-
vert cell depolarization into a cytoplasmic calcium signal, which
subsequently triggers regulated exocytosis. A multiplicity of cal-
cium channel subtypes is expressed in excitable cells (including
neurons, chromaffin, and pancreatic beta cells as excitable secre-
tory cell types) (24–26). Seven genes encode high voltage-activated
channels (HVA) L (Cav 1.1–1.4), P/Q (Cav 2.1), N (Cav 2.2), and
R (Cav 2.3) type. Three genes encode low voltage-activated chan-
nels (LVA, Cav 3.1–3, known as T-type channels). In neurons and
endocrine cells VGCCs regulate a variety of other fundamental
cellular processes in addition to controlling vesicle fusion; decades
of research have defined electrophysiologically the relative con-
tribution of each subtype to secretion (19, 25). For example, in
mouse adrenal chromaffin cells, responsible for catecholamine
(e.g., adrenaline) secretion, and in pancreatic beta cells, which
release insulin in response to elevated blood glucose, N- and L-
type calcium channels play a major role in both exocytosis and
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in other cellular signaling such as shaping the action potential
and pacemaker currents in chromaffin cells but N-, P/Q-, and R
VGCCs are also present. Importantly, our understanding of the
spatial organization of the different VGCC subtypes is immature
(Table 1) and in this respect their interactions and spatio-temporal
patterning in the functional- and molecular-vicinity of the fusion
complex is of particular interest.
LARGE-CONDUCTANCE CALCIUM ACTIVATED POTASSIUM
CHANNELS AND EXOCYTOSIS
As BK channels, encoded by a single gene, have a key role in modu-
lating the calcium signal that leads to vesicle fusion (18–20) there
has been considerable effort in trying to estimate the distances
between Ca2+ and K+ channels, their inter-channel interactions
(physical and functional) (16, 30, 63), VGCC and BK interactions
with the exocytotic machinery itself, particularly with syntaxin1
(21, 31–33), and in the distances between these channels and
large dense-cored vesicles (64). Mathematical modeling of cal-
cium concentration nano-domains near the intracellular mouth
of channels, combined with the determination of the Ca2+ sensi-
tivity of the secretory machinery (i.e., synaptotagmin) have led to
the concept that secretory vesicles reside very close to VGCCs in
the membrane, and slightly further away from BK channels (34–
37, 64). Determining the precise concentration of Ca2+ required
to elicit exocytosis is confounded by spatial heterogeneity in the
cell that to date has been impossible to measure accurately; how-
ever, it is likely that fusion competent vesicles in secretory cells are
targeted somehow to the sites at the membrane experiencing high
Ca2+ concentrations – i.e., very close to the mouth of a calcium
channel (34).
FUNCTIONAL COUPLING OF ION CHANNELS WITH
EXOCYTOSIS
Our understanding of the functional coupling of ion chan-
nels with the secretory apparatus comes from diffraction-limited
microscopy, binary biochemical binding determined in vitro, and
electrophysiology. The first can only resolve, at the very best, clus-
ters of ion channels and approximate distances in images in the
order of 250 nm. In vitro biochemistry, whilst invaluable, cannot
deliver the “where’s and when’s” of interactions in cells and so
overlooks the key elements of spatio-temporal regulation. Elec-
trophysiology can resolve single ion channel activities, or entire
cell cohorts of activity, but with limited spatial resolution. It thus
remains unknown how: (i) membrane cohorts of single ion chan-
nels are spatially distributed, (ii) the proportion of active ion
channels compared to the total pool (Ca2+ and K+) reside within
functionally meaningful distances of fusion competent- and/or
incompetent-vesicles, (iii) how the dynamics of channel activity
may correlate with their spatial pattern and/or interactions with
the SNARE molecular machinery in intact cells, and (iv) whether
every channel at the membrane is functional. It is clear that new
tools are required to address these questions.
SUPER-RESOLUTION IMAGING AND EXOCYTOSIS
The membrane-trafficking field has a strong history of using
cutting-edge techniques and imaging is no exception. Super-
resolution microscopy is an emerging powerful tool to further
research on ion channels and calcium signaling involved in exo-
cytosis, and have already been applied in studies of the exocytotic
machinery (12, 38–41). Our own recent work revealed that the
majority of vesicles do not access the necessary compliment of
SNARE molecular machinery at the membrane required for fusion
(12, 40, 42). Furthermore, vesicle dynamics are also segregated,
not only spatially at the membrane but also by vesicle age as we
showed that vesicles are prioritized for release according to the time
since their assembly (43). This mini-review summarizes the main
super-resolution imaging modalities and illustrates their poten-
tial uses in quantifying ion channel molecular biology in relation
to exocytosis. Table 2 summarizes the super-resolution imaging
modalities described and their (potential) uses in examining ion
channel biology.
TOTAL INTERNAL REFLECTION FLUORESCENCE
MICROSCOPY
Total internal reflection fluorescence microscopy (TIRFM) is an
optical technique that allows the evanescent illumination of a thin
optical section (∼100 nm) near the base of a cell (44). For TIRFM
the use of the high NA objective becomes relevant in combina-
tion with the low refractive index of aqueous cell media. When the
illumination laser encounters the interface between these refrac-
tive indices at a shallower angle than the so-called critical angle,
then total internal reflection occurs, creating an evanescent wave
at the interface. This extends and illuminates with an exponential
decay only about 100 nm into the specimen before it becomes too
Table 1 |Voltage-gated calcium channel cohort activities that have been imaged.
Channel type System Optical calcium events term Imaging technique Conditions Reference
L-type Rat myocytes Sparkletts Confocal Enhanced extracellular Ca2+
(20 mM) required for imaging
(27, 28)
Rat myocytes Sparkletts TIFRM using Fluo-f5 Calcium channels in clusters
T-type nd nd nd Nd nd
N-type Xenopus oocytes Single channel calcium
fluorescence transients (SCCaFTs)
TIFRM using fluorescent
calcium indicator (Fluo-4)
Heterologously expressed
channels
(29)
P/Q type nd nd nd Nd nd
nd=not done.
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Table 2 | Summary of available super-resolution microscopy and spectroscopic approaches and their potential for ion channel imaging.
Imaging modality Description and potential for ion channel imaging Reference
STED Genuine sub-diffraction-limit imaging using a “depletion” laser to reduce the size of the point-spread-
function. Resolution to ∼50 nm, potential for resolving small channel clusters at the plasma membrane
(49–53)
TIRFM Limits the excitation in a sample to a thin (100 s of nanometers) optical section primarily at the base of a
cell adhered to a glass cover-glass. The high contrast and rapid imaging data delivered makes this
approach ideal for examining ion channel distributions, trafficking, and movements at the cell surface,
with diffraction-limited resolution. Used for optical patching to localize ion channel activity
(13, 41–43)
SIM Illumination of the sample with a known pattern allows the mathematical reconstruction of images from
moiré fringes, thus revealing high-frequency, sub-diffraction structures. Potential for visualizing ion
channel clusters (resolution ∼85 nm) or intracellular trafficking
(58, 59)
PALM Localization microscopy that determines the location of single molecule fluorescent signals. Separates
signals in time by photo-activating subsets of fluorescent proteins repetitively. Ideal for quantifying the
spatial arrangements of cohorts of single channel subunits
(44, 45)
STORM/GSDIM/
DSTORM
Localization microscopies that determine single molecule locations. Separates signals in time by
photo-switching subsets of fluorescent molecules from bright to dark, or spectral forms. May be used
with immunodetection to localize cohorts of endogenous channel subunits with 5–20 nm certainty
(42, 46)
sptPALM Single-particle-tracking PALM, localizes photo-activated fluorescent proteins in living cells over time to
allow the tracking of single molecules. Ideal for quantifying the movements of cohorts of single ion
channels at the cell surface with 20–50 nm certainty
(12, 36, 48)
Fluorescence
lifetime imaging
microscopy (FLIM)
Quantifies the fluorescence lifetime of a fluorophore to aid with either contrast (by measuring an
additional parameter in an image dataset) or in particular, to quantify FRET. Ideal for quantifying ion
channel molecular interactions anywhere in 3-D in a cell
(20, 21, 42–47)
Fluorescence
correlation
spectroscopy (FCS)
Quantifies the diffusion of single fluorescent molecules through small excitation volumes in 3-D.
Delivers directly molecular number, concentration, diffusion rates, and potentially interactions from living
samples or using purified samples in vitro. Ideal for quantifying dynamic ion channel molecular behaviors
(56–59)
weak to excite fluorophores. This creates a high-contrast image
of the plasma membrane and adjacent structures with little back-
ground fluorescence from the intracellular compartments of the
cell. This allows the imaging of ion channels, vesicles, and exo-
cytotic proteins in living samples with high temporal resolution
(13, 42, 45, 46). TIRFM is the foundation for a number of super-
resolution approaches that take advantage of the thin optical
section generated in order to reduce out-of-focus signal.
SINGLE MOLECULE LOCALIZATION MICROSCOPIES
An impressive pallet of fluorescent proteins (FP) has been created,
each with different excitation and emission wavelengths. Not only
has the color range been refined, but also the use: through modifi-
cation of the molecular structure, photo-activatable (PA) FPs have
been developed, permitting applications in advanced microscopy
such as photoactivation localization microscopy (PALM) (47,
48). Techniques such as PALM, ground-state depletion with
immediate molecular return (GSDIM) (49), and stochastic opti-
cal switching microscopy (STORM) (50) have circumvented the
diffraction-limit of resolution to permit the localization of sin-
gle molecule point-spread-function (PSF) signals that are sep-
arated in time. STORM and GSDIM detect PSF-signals from
single organic dye molecules; a potentially high density of mol-
ecules (e.g., fluorescent-conjugated antibody-detected epitopes)
in the sample is driven into a long-lived, optically inactive “dark
state” using a combination of high illumination power and spe-
cialized, highly reducing buffers. Single fluorescent molecules
then spontaneously and randomly re-emerge to emit photons
during subsequent imaging (Figure 1). This permits the acqui-
sition of single PSF-signals that are sparsely distributed in a
time-resolved dataset. PALM employs PA encodable FP (47,
48). These molecules are inherently non-fluorescent but can
be altered conformationally, using short-wavelength illumination
in order to render them fluorescent. By determining empiri-
cally the dose of activation energy required in order to acti-
vate a sparse fraction of all PA-molecules, again, single PSF-
signals can be acquired. Rapid imaging trains capture the flu-
orescent data, before single molecules are irreversibly photo-
destroyed by bleaching and other processes. Cycles of activa-
tion, followed by imaging and photo-destruction are repeated
over and over again acquiring 1000 s of images in total. PALM
is already starting to be used to define ion channel mole-
cule localization, recently employed to image single aquaporin
molecules (51).
Single molecule signals can be identified by their shape, size,
expected fluorescent intensity (i.e., they are PSFs) as well as by
their quantal “on–off” behavior. Mathematical fitting, localizing
the centroid of these PSFs defines the precise xy coordinates from
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FIGURE 1 | Single molecule imaging using PALM technique. (A) Diagram
of the TIRF microscopy setup. By angling the excitation light beam though a
combination of the refractive indices of the lense, oil, coverslip, and aqueous
media, the beam is reflected at the glass/media interface and is directed back
into the objective. This creates an evanescent wave at the interface which
effectively excites fluorophores only about 100 nm into the sample. Therefore
only those fluorescent proteins or dyes within that region will be excited and
emit fluorescence which can be detected. (B) Demonstrating the difference
between EGFP and PA-GFP. EGFP will absorb and emit light without prior
activation before bleaching off. PA-GFP needs to be activated by
short-wavelength light before it is confirmationally able to absorb excitation
and emit light. (C) (left) Localized and rendered PALM image of BK channels
on the plasma membrane of a HEK293 cell (scale bar: 5µm) with a region of
interest (right) showing the localization of molecules in detail (scale bar: 1µm).
where the signals arose; the certainty of localization is affected by
brightness, noise, and pixel size. By rendering coordinates, a virtual
image is created which shows the coordinate positions of all the
molecules on the plasma membrane that have emitted. A variation
of PALM combines single-particle tracking, so termed sptPALM
(52), allowing the high-precision tracking of many 1000 s of single
molecule signals with high temporal resolution.
SIMULATED EMISSION DEPLETION MICROSCOPY
The underlying limitation with microscopy is the diffraction-
limited width of the PSF. Single molecule localization micro-
scopies (SMLMs) circumvent this by determining the cen-
troids derived from single molecule PSFs, and though these are
excellent techniques, they are not imaging directly sub-diffraction
structures. Simulated emission depletion microscopy (STED)
presents a fundamentally different approach, directly manipulat-
ing the PSF through the use of stimulated emission to deplete
fluorophores before they fluoresce (53). On a conventional scan-
ning microscope, the sample is raster scanned with an excitation
beam, which increases the energy of the fluorophores from the
ground state S0 to the exited singlet state S1. The fluorophores
spontaneously relax, emitting photons as they return to the ground
state, which is detected as fluorescence. This process typically
occurs on a nanosecond timescale. In STED microscopy a sec-
ond depletion laser, is used immediately after the excitation beam
(Figure 2). The depletion laser forces the excited fluorophores back
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FIGURE 2 | (A) Schematic diagram of a STED microscope setup. The
activation laser is overlaid with the depletion laser that passes through a
phase plate, and focused to a focal point in the sample. The fluorescence
emitted by the sample passes through a pinhole and is collected in the
detector. (B) Representation of how the effective point spread function is
formed by the overlap of the standard PSF and the depletion PSF. (C)With
increasing intensity of the depletion laser the shape of the donut changes,
decreasing the size of the inner ring and therefore reducing the effective PSF
of the fluorophore from 200 nm to about 50 nm, effectively increasing
resolution. (D) A raw confocal (left) and STED image (right) showing the
improvement in detail and resolution. Red stain – nuclear pores, green
stain – microtubules. Scale bar, 500 nm.
to the ground state via stimulated emission, a process that typically
occurs on a picosecond timescale. This effectively forces depleted
fluorophores into a dark state before traditional spontaneous
fluorescence can occur. By using a phase mask profile with a
donut-shaped depletion pattern, that perfectly overlaps the ini-
tial excitation beam, the effective PSF becomes defined by the
geometry of the donut inner ring and the depletion laser power.
The optical resolution can be considerably improved, to around
70 nm, to give a higher resolution data compared to standard
diffraction-limited image. Gated-STED (gSTED) (54) combines
this with time-correlated detection and pulsed excitation to further
increase resolution, reduce noise, and improve utility with living
samples enormously by reducing illumination energies (54–56).
STED has been used to examine Ca2+ channel clustering induced
by the exocytotic machinery (57) as well as probing the nano-scale
structure of the synapse (38, 39, 58). The advent of less cytotoxic
gSTED technologies will increase the utility of this approach in
cell biology.
STRUCTURED ILLUMINATION MICROSCOPY
Structured illumination microscopy (SIM) illuminates samples
with a grid pattern and a sinusoidal excitation, providing a
known high-frequency structured pattern (59, 60). Mathemati-
cal approaches are then applied to reconstruct a real image from
the emission data, with the ability to resolve structures at around
half the diffraction-limit (i.e., around 85 nm resolution in general).
Importantly, SIM also improves the axial resolution in images and
can be used anywhere in 3-D, albeit in around 300 nm z-volumes,
in multiple spectral colors. SIM has not yet been used to exam-
ine ion channel biology, to our knowledge, but clear opportunities
exist, perhaps for studying intracellular channels beyond the reach
of TIRF-limited approaches.
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QUANTIFYING PROTEIN–PROTEIN INTERACTIONS IN CELLS
Förster resonance energy transfer (FRET) is a physical effect
where energy can be transferred in a non-radiative way between a
high-energy fluorescent donor molecule and a lower energy prox-
imal acceptor, if the absorption and emission spectra of each,
respectively, overlap. As FRET is strongly dependent on the inter-
fluorophore distance and falls off with the sixth-power of distance,
it occurs only on the nanometer scale. For this reason, FRET
between two fluorescent molecules is commonly interpreted as
indicating a direct interaction (61). Quantifying FRET is noto-
riously unreliable however, especially when using fluorescence
intensity as a read-out. When FRET occurs, the energy transfer
from the donor to an acceptor provides a rapid route to relax-
ation for the excited donor molecule, resulting in a significantly
shortened fluorescence lifetime. Measuring the excited-state fluo-
rescence lifetime of the donor molecule in each pixel of an image,
known as fluorescence lifetime imaging microscopy (FLIM), there-
fore provides a direct and quantitative approach to this problem.
FLIM has been widely used to quantify FRET between the SNAREs
and binding partners inside intact cells (20, 21, 42–46, 48) and
could be applied similarly to the study of ion channels; for exam-
ple, it has been long-thought that VGCCs containing the so-called
“synprint” (31) site interact directly with syntaxin and synaptotag-
min but this has never been measured directly in intact cells.
FLUORESCENCE CORRELATION SPECTROSCOPY
Although powerful, FLIM suffers from slow temporal resolution,
as commonly 10,000–100,000 s of photons must be acquired from
each pixel in the image in order to build a large enough sample of
time-tagged photons to permit accurate data fitting (62). In addi-
tion, in FRET experiments, the absence of a detected FRET signal
does not necessarily mean that no interaction has occurred, leading
to potential false-negative conclusions. Fluorescence Correlation
Spectroscopy (FCS) acquires intensity fluctuations caused by flu-
orescence emission as molecules diffuse across a tiny excitation
volume held stationary in a living sample (63–65). This approach
thus calculates the diffusion rates, concentrations, and molecu-
lar numbers of molecules under scrutiny. As diffusion depends
directly upon mass, a simultaneous decrease in diffusion rate and
cross-correlation of signals between two different fluorescent mol-
ecules in the excitation volume provides unequivocal evidence of
an interaction, on the millisecond timescale.
SUPER-RESOLUTION IMAGING OF ION CHANNELS
Single molecule localization microscopy can be applied to ion
channels (51), to define the precise locations of large cohorts of
single molecules. Furthermore, it is possible to combines SMLMs
with diffraction-limited imaging, in order to capture data describ-
ing the locations of single channels and single vesicles, for example.
This approach would allow appraisals such as “nearest-neighbor”
analyses, to determine the distances between vesicle centers and
their adjacent ion channel molecules. These approaches were
used recently, finding that in contrast to previous understand-
ing, the majority of the secretory machinery is segregated spatially
from secretory vesicles, with protein molecules moving between
membrane “hotspots” distinct from vesicle docking sites (12, 40).
IMAGING ION CHANNEL ACTIVITY – “OPTICAL PATCHING”
Patch-clamp electrophysiology is the ideal technique to deter-
mine the functionality of single ion channel molecules. Combined
with fluorescent Ca2+ indicators, voltage-clamping can be used to
deliver a train of tiny depolarizations, designed to open and close
ion channels very rapidly. Image processing approaches may then
be used, similarly to SMLM approaches, to localize the centroid
position of the fluorescent signal reporting the ion channel loca-
tion in a technique called optical patching (66–68). This approach
has been used to great effect to report the locations of large-
conductance, long open-dwell time IP3 receptors in cells (66);
with the advent of image data “de-noising” strategies (40, 69) and
faster camera detectors, optical patching promises to be useful
for localizing single VGCCs in living cell membranes, combined
with TIRFM.
IMAGING ION CHANNEL TETRAMERS
Active VGCCs and K channel alpha subunits are known to be
tetramers; it difficult, however, to determine whether the chan-
nels detected on the cell surface using any of the approaches
described above, are assembled alpha subunits. The study of
ion channel function has been aided greatly over the years by
the discovery that several potent natural toxins bind to spe-
cific ion channel targets with exquisite sensitivity and affinity.
Recent work has taken advantage of this, using fluorescent-
conjugates of these toxins to localize ion channels in intact cells.
For example, ω-conotoxin is a peptidyl toxin originally iso-
lated from the fish-hunting cone snail Conus magnus (70, 71)
and is a specific N-type calcium channel blocker. This toxin
has been used in the past to label neurons and neuromuscu-
lar junctions, revealing ion channel localization in diffraction-
limited images (72). These approaches can now be combined
with SMLM, as recently described using a Na+-channel toxin
in order to define the nano-scale locations of single assembled
tetrameric alpha subunits (73). Combined with patch-clamp elec-
trophysiology, these approaches offer the promise of manipulating
channel behavior and localizing large cohorts of single molecules,
simultaneously.
In summary, ion channel biology is uniquely placed in having
diverse single molecule-resolution biophysical approaches avail-
able; electrophysiology and the newly emerging super-resolution
imaging and spectroscopic approaches. Together, these promise to
further our understanding not only of ion channel behavior, but
also of channel location, function, and relationship with vesicles
and the exocytotic molecular machinery.
REFERENCES
1. Sudhof TC. The synaptic vesi-
cle cycle – a cascade of protein-
protein interactions. Nature (1995)
375:645–53. doi:10.1038/375645a0
2. Wheeler MB, Sheu L, Ghai
M, Bouquillon A, Grondin G,
Weller U, et al. Characterization
of SNARE protein expression
in beta cell lines and pancreatic
islets. Endocrinology (1996)
137:1340–8. doi:10.1210/en.137.4.
1340
3. Bommert K, Charlton MP, DeBello
WM, Chin GJ, Betz H, Augustine
GJ. Inhibition of neurotransmit-
ter release by C2-domain peptides
implicates synaptotagmin in exo-
cytosis. Nature (1993) 363:163–5.
doi:10.1038/363163a0
Frontiers in Endocrinology | Neuroendocrine Science September 2013 | Volume 4 | Article 114 | 6
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hiersemenzel et al. Super-resolution ion channels
4. Klingseisen A, Jackson AP. Mecha-
nisms and pathways of growth fail-
ure in primordial dwarfism. Genes
Dev (2011) 25:2011–24. doi:10.
1101/gad.169037
5. Evans C, Kheradmand F, Corry D,
Tuvim M, Densmore C, Waldrep C,
et al. Gene therapy of mucus hyper-
secretion in experimental asthma.
Chest (2002) 121:90S–1. doi:10.
1378/chest.121.3_suppl.90S-a
6. Fernández-Chacón R, Königstorfer
A, Gerber SH, García J, Matos MF,
Stevens CF, et al. Synaptotagmin I
functions as a calcium regulator of
release probability. Nature (2001)
410:41–9. doi:10.1038/35065004
7. Brose N, Petrenko AG, Sudhof TC,
Jahn R. Synaptotagmin: a calcium
sensor on the synaptic vesicle sur-
face. Science (1992) 256:1021–5.
doi:10.1126/science.1589771
8. Chapman ER, An S, Barton N,
Jahn R. SNAP-25, a t-SNARE which
binds to both syntaxin and synapto-
brevin via domains that may form
coiled coils. J Biol Chem (1994)
269:27427–32.
9. Rizo J, Sudhof TC. Snares and
Munc18 in synaptic vesicle fusion.
Nat Rev Neurosci (2002) 3:641–53.
10. Sutton RB, Fasshauer D, Jahn R,
Brunger AT. Crystal structure of a
SNARE complex involved in synap-
tic exocytosis at 2.4 A resolution.
Nature (1998) 395:347–53. doi:10.
1038/26412
11. Medine CN, Rickman C, Cham-
berlain LH, Duncan RR. Munc18-
1 prevents the formation of ectopic
SNARE complexes in living cells. J
Cell Sci (2007) 120:4407–15. doi:10.
1242/jcs.020230
12. Smyth AM, Yang L, Martin KJ,
Hamilton C, Lu W, Cousin MA,
et al. Munc18-1 protein molecules
move between membrane mole-
cular depots distinct from vesi-
cle docking sites. J Biol Chem
(2013) 288:5102–13. doi:10.1074/
jbc.M112.407585
13. Rickman C, Duncan RR.
Munc18/Syntaxin interaction kinet-
ics control secretory vesicle dynam-
ics. J Biol Chem (2010) 285:3965–72.
doi:10.1074/jbc.M109.040402
14. Rickman C, Medine CN, Bergmann
A, Duncan RR. Functionally and
spatially distinct modes of munc18-
syntaxin 1 interaction. J Biol
Chem (2007) 282:12097–103. doi:
10.1074/jbc.M700227200
15. Berkefeld H, Sailer CA, Bildl W,
Rohde V, Thumfart JO, Eble S,
et al. BKCa-Cav channel com-
plexes mediate rapid and local-
ized Ca2+-activated K+ signaling.
Science (2006) 314:615–20. doi:10.
1126/science.1132915
16. Berkefeld H, Fakler B. Repolariz-
ing responses of BKCa-Cav com-
plexes are distinctly shaped by
their Cav subunits. J Neurosci.
(2008) 28:8238–45. doi:10.1523/
JNEUROSCI.2274-08.2008
17. Fakler B, Adelman JP. Con-
trol of K(Ca) channels by
calcium nano/microdomains.
Neuron (2008) 59:873–81.
doi:10.1016/j.neuron.2008.09.001
18. Purcell EK, Liu L, Thomas PV,
Duncan RK. Cholesterol influ-
ences voltage-gated calcium chan-
nels and BK-type potassium chan-
nels in auditory hair cells. PLoS
ONE (2011) 6:e26289. doi:10.1371/
journal.pone.0026289
19. Braun M, Ramracheya R, Bengts-
son M, Zhang Q, Karanauskaite J,
Partridge C, et al. Voltage-gated ion
channels in human pancreatic beta-
cells: electrophysiological character-
ization and role in insulin secre-
tion. Diabetes (2008) 57:1618–28.
doi:10.2337/db07-0991
20. Düfer M, Neye Y, Hörth K, Krippeit-
Drews P, Hennige A, Widmer H,
et al. BK channels affect glucose
homeostasis and cell viability of
murine pancreatic beta cells. Dia-
betologia (2011) 54:423–32. doi:10.
1007/s00125-010-1936-0
21. Asadi S, Javan M, Ahmadiani A,
Sanati MH. Alternative splicing in
the synaptic protein interaction site
of rat Ca(v)2.2 (alpha (1B)) cal-
cium channels: changes induced by
chronic inflammatory pain. J Mol
Neurosci (2009) 39:40–8. doi:10.
1007/s12031-008-9159-2
22. Rajapaksha WR, Wang D, Davies
JN, Chen L, Zamponi GW, Fisher
TE. Novel splice variants of rat
CaV2.1 that lack much of the
synaptic protein interaction site are
expressed in neuroendocrine cells. J
Biol Chem (2008) 283:15997–6003.
doi:10.1074/jbc.M710544200
23. Rettig J, Sheng ZH, Kim DK,
Hodson CD, Snutch TP, Catter-
all WA. Isoform-specific interaction
of the alpha1A subunits of brain
Ca2+ channels with the presynap-
tic proteins syntaxin and SNAP-25.
Proc Natl Acad Sci U S A (1996)
93:7363–8. doi:10.1073/pnas.93.14.
7363
24. Yang S-N, Berggren P-O. The role
of voltage-gated calcium channels
in pancreatic beta-cell physiology
and pathophysiology. Endocr Rev
(2006) 27:621–76. doi:10.1210/er.
2005-0888
25. Mahapatra S, Calorio C, Van-
dael DH, Marcantoni A, Carabelli
V, Carbone E. Calcium channel
types contributing to chromaffin
cell excitability, exocytosis and
endocytosis. Cell Calcium (2012)
51:321–30. doi:10.1016/j.ceca.2012.
01.005
26. Liu L, Rittenhouse AR. Effects
of arachidonic acid on unitary
calcium currents in rat sympa-
thetic neurons. J Physiol (2000)
525(Pt 2):391–404. doi:10.1111/j.
1469-7793.2000.00391.x
27. Wang SQ, Song LS, Lakatta EG,
Cheng H. Ca2+ signalling between
single L-type Ca2+ channels and
ryanodine receptors in heart cells.
Nature (2001) 410:592–6. doi:10.
1038/35066597
28. Navedo MF, Amberg GC, Votaw VS,
Santana LF. Constitutively active L-
type Ca2+ channels. Proc Natl Acad
Sci U S A (2005) 102:11112–7. doi:
10.1073/pnas.0500360102
29. Demuro A, Parker I. Imaging the
activity and localization of sin-
gle voltage-gated Ca(2+) chan-
nels by total internal reflection
fluorescence microscopy. Biophys
J (2004) 86:3250–9. doi:10.1016/
S0006-3495(04)74373-8
30. Berkefeld H, Fakler B, Schulte
U. Ca2+ activated K+ channels:
from protein complexes to function.
Physiol Rev. (2010) 90:1437–59. doi:
10.1152/physrev.00049.2009
31. Sheng ZH, Yokoyama CT, Catter-
all WA. Interaction of the syn-
print site of N-type Ca2+ channels
with the C2B domain of synapto-
tagmin I. Proc Natl Acad Sci U S
A (1997) 94:5405–10. doi:10.1073/
pnas.94.10.5405
32. Davies JN, Jarvis SE, Zamponi GW.
Bipartite syntaxin 1A interactions
mediate CaV2.2 calcium channel
regulation. Biochem Biophys Res
Commun (2011) 411:562–8. doi:10.
1016/j.bbrc.2011.06.185
33. Zamponi GW. Regulation of presy-
naptic calcium channels by synap-
tic proteins. J Pharmacol Sci (2003)
92:79–83. doi:10.1254/jphs.92.79
34. Becherer U, Moser T, Stühmer W,
Oheim M. Calcium regulates exo-
cytosis at the level of single vesi-
cles. Nat Neurosci (2003) 6:846–53.
doi:10.1038/nn1087
35. Dodge FA Jr, Rahamimoff R. Co-
operative action a calcium ions in
transmitter release at the neuro-
muscular junction. J Physiol (1967)
193:419–32.
36. Coorssen JR, Blank PS, Alberto-
rio F, Bezrukov L, Kolosova I,
Chen X, et al. Regulated secretion:
SNARE density, vesicle fusion and
calcium dependence. J Cell Sci
(2003) 116:2087–97. doi:10.1242/
jcs.00374
37. Zucker RS, Fogelson AL. Relation-
ship between transmitter release
and presynaptic calcium influx
when calcium enters through dis-
crete channels. Proc Natl Acad Sci
U S A (1986) 83:3032–6. doi:10.
1073/pnas.83.9.3032
38. Willig KI, Rizzoli SO, Westphal V,
Jahn R, Hell SW. STED microscopy
reveals that synaptotagmin remains
clustered after synaptic vesicle exo-
cytosis. Nature (2006) 440:935–9.
doi:10.1038/nature04592
39. Westphal V, Rizzoli SO, Lauter-
bach MA, Kamin D, Jahn
R, Hell SW. Video-rate far-
field optical nanoscopy dis-
sects synaptic vesicle move-
ment. Science (2008) 320:246–9.
doi:10.1126/science.1154228
40. Yang L, Dun AR, Martin KJ, Qiu Z,
Dunn A, Lord GJ, et al. Secretory
vesicles are preferentially targeted
to areas of low molecular SNARE
density. PLoS ONE (2012) 7:e49514.
doi:10.1371/journal.pone.0049514
41. Bar-On D, Wolter S, van de Linde
S, Heilemann M, Nudelman G,
Nachliel E, et al. Super-resolution
imaging reveals the internal archi-
tecture of nano-sized syntaxin
clusters. J Biol Chem (2012).
doi:10.1074/jbc.M112.353250
Available from: http://www.ncbi.
nlm.nih.gov/pubmed/22700970
42. Rickman C, Medine CN, Dun AR,
Moulton DJ, Mandula O, Halemani
ND, et al. t-SNARE protein con-
formations patterned by the lipid
microenvironment. J Biol Chem
(2010) 285:13535–41. doi:10.1074/
jbc.M109.091058
43. Duncan RR, Greaves J, Wiegand
UK, Matskevich I, Bodammer G,
Apps DK, et al. Functional and spa-
tial segregation of secretory vesi-
cle pools according to vesicle age.
Nature (2003) 422:176–80. doi:10.
1038/nature01389
44. Axelrod D. Cell-substrate contacts
illuminated by total internal reflec-
tion fluorescence. J Cell Biol (1981)
89:141–5. doi:10.1083/jcb.89.1.141
45. Degtyar VE, Allersma MW, Axel-
rod D, Holz RW. Increased motion
and travel, rather than stable dock-
ing, characterize the last moments
before secretory granule fusion.
Proc Natl Acad Sci U S A
(2007) 104:15929–34. doi:10.1073/
pnas.0705406104
46. Steyer JA, Horstmann H, Almers
W. Transport, docking and exocy-
tosis of single secretory granules in
live chromaffin cells. Nature (1997)
388:474–8. doi:10.1038/41329
47. Betzig E, Patterson GH, Sougrat
R, Lindwasser OW, Olenych S,
www.frontiersin.org September 2013 | Volume 4 | Article 114 | 7
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hiersemenzel et al. Super-resolution ion channels
Bonifacino JS, et al. Imaging
intracellular fluorescent proteins
at nanometer resolution. Science
(2006) 313:1642–5. doi:10.1126/
science.1127344
48. Hess ST, Girirajan TPK, Mason
MD. Ultra-high resolution imag-
ing by fluorescence photoactiva-
tion localization microscopy. Bio-
phys J (2006) 91:4258–72. doi:10.
1529/biophysj.106.091116
49. Fölling J, Bossi M, Bock H,
Medda R, Wurm CA, Hein B,
et al. Fluorescence nanoscopy by
ground-state depletion and single-
molecule return. Nat Methods
(2008) 5:943–5. doi:10.1038/nmeth.
1257
50. Rust MJ, Bates M, Zhuang X.
Sub-diffraction-limit imaging by
stochastic optical reconstruction
microscopy (STORM). Nat Meth-
ods (2006) 3:793–5. doi:10.1038/
nmeth929
51. Rossi A, Moritz TJ, Ratelade J, Verk-
man AS. Super-resolution imaging
of aquaporin-4 orthogonal arrays
of particles in cell membranes. J
Cell Sci (2012) 125:4405–12. doi:10.
1242/jcs.109603
52. Manley S, Gillette JM, Patterson
GH, Shroff H, Hess HF, Bet-
zig E, et al. High-density map-
ping of single-molecule trajec-
tories with photoactivated local-
ization microscopy. Nat Methods
(2008) 5:155–7. doi:10.1038/nmeth.
1176
53. Hell SW, Wichmann J. Break-
ing the diffraction resolution
limit by stimulated emission:
stimulated-emission-depletion
fluorescence microscopy.
Opt Lett (1994) 19:780–2.
doi:10.1364/OL.19.000780
54. Vicidomini G, Moneron G, Han
KY, Westphal V, Ta H, Reuss M,
et al. Sharper low-power STED
nanoscopy by time gating. Nat
Methods (2011) 8:571–3. doi:10.
1038/nmeth.1624
55. Moffitt JR, Osseforth C, Michaelis
J. Time-gating improves the
spatial resolution of STED
microscopy. Opt Express (2011)
19:4242–54. doi:10.1364/OE.19.
004242
56. Berning S, Willig KI, Steffens
H, Dibaj P, Hell SW. Nanoscopy
in a living mouse brain. Sci-
ence (2012) 335:551. doi:10.1126/
science.1215369
57. Kittel RJ, Wichmann C, Rasse TM,
Fouquet W, Schmidt M, Schmid A,
et al. Bruchpilot promotes active
zone assembly, Ca2+ channel clus-
tering, and vesicle release. Sci-
ence (2006) 312:1051–4. doi:10.
1126/science.1126308
58. Opazo F, Punge A, Bückers J,
Hoopmann P, Kastrup L, Hell
SW, et al. Limited intermix-
ing of synaptic vesicle compo-
nents upon vesicle recycling. Traf-
fic (2010) 11:800–12. doi:10.1111/j.
1600-0854.2010.01058.x
59. Gustafsson MG. Surpassing the lat-
eral resolution limit by a factor
of two using structured illumina-
tion microscopy. J Microsc (2000)
198:82–7. doi:10.1046/j.1365-2818.
2000.00710.x
60. Bailey B, Farkas DL, Taylor
DL, Lanni F. Enhancement of
axial resolution in fluorescence
microscopy by standing-wave
excitation. Nature (1993) 366:44–8.
doi:10.1038/366044a0
61. Duncan RR, Bergmann A, Cousin
MA, Apps DK, Shipston MJ. Multi-
dimensional time-correlated single
photon counting (TCSPC) fluores-
cence lifetime imaging microscopy
(FLIM) to detect FRET in cells.
J Microsc (2004) 215:1–12. doi:10.
1111/j.0022-2720.2004.01343.x
62. Medine CN, McDonald A,
Bergmann A, Duncan RR.
Time-correlated single photon
counting FLIM: some con-
siderations for physiologists.
Microsc Res Tech (2007) 70:420–5.
doi:10.1002/jemt.20425
63. Kim SA, Heinze KG, Schwille P.
Fluorescence correlation spec-
troscopy in living cells. Nat
Methods (2007) 4:963–73.
doi:10.1038/nmeth1104
64. Kim SA, Sanabria H, Digman MA,
Gratton E, Schwille P, Zipfel WR,
et al. Quantifying translational
mobility in neurons: comparison
between current optical tech-
niques. J Neurosci (2010) 30:
16409–16. doi:10.1523/
JNEUROSCI.3063-10.2010
65. Elson EL, Webb WW. Concen-
tration correlation spectroscopy: a
new biophysical probe based on
occupation number fluctuations.
Annu Rev Biophys Bioeng (1975)
4:311–34. doi:10.1146/annurev.bb.
04.060175.001523
66. Parker I, Smith IF. Recording
single-channel activity of inositol
trisphosphate receptors in intact
cells with a microscope, not a
patch clamp. J Gen Physiol (2010)
136:119–27. doi:10.1085/jgp.
200910390
67. Smith IF, Wiltgen SM, Shuai J,
Parker I. Ca(2+) puffs originate
from pre-established stable clusters
of inositol trisphosphate receptors.
Sci Signal (2009) 2:ra77. doi:10.
1126/scisignal.2000466
68. Shuai J, Parker I. Optical single-
channel recording by imaging Ca2+
flux through individual ion chan-
nels: theoretical considerations and
limits to resolution. Cell Calcium
(2005) 37:283–99. doi:10.1016/j.
ceca.2004.10.008
69. Parton RM, Hamilton RS, Ball
G, Yang L, Cullen CF, Lu W, et
al. A PAR-1-dependent orientation
gradient of dynamic microtubules
directs posterior cargo transport in
the Drosophila oocyte. J Cell Biol
(2011) 194:121–35. doi:10.1083/jcb.
201103160
70. Nielsen KJ, Schroeder T, Lewis
R. Structure – activity relation-
ships of v-conotoxins at N-type
voltage-sensitive calcium chan-
nels. J Mol Recognit (2000)
13:55–70. doi:10.1002/(SICI)1099-
1352(200003/04)13:2<55::AID-
JMR488>3.0.CO;2-O
71. Olivera BM, Gray WR, Zeikus R,
McIntosh JM, Varga J, Rivier J,
et al. Peptide neurotoxins from
fish-hunting cone snails. Science
(1985) 230:1338–43. doi:10.1126/
science.4071055
72. Jones OT, Kunze DL, Angelides
KJ. Localization and mobility of
omega-conotoxin-sensitive Ca2+
channels in hippocampal CA1
neurons. Science (1989) 244:
1189–93. doi:10.1126/science.
2543080
73. Ondrus AE, Lee HL, Iwanaga S, Par-
sons WH, Andresen BM, Moerner
WE, et al. Fluorescent saxitoxins
for live cell imaging of single
voltage-gated sodium ion channels
beyond the optical diffraction limit.
Chem Biol (2012) 19(7):902–12.
doi:10.1016/j.chembiol.2012.05.
021
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.
Received: 30 May 2013; accepted: 16
August 2013; published online: 04 Sep-
tember 2013.
Citation: Hiersemenzel K, Brown ER
and Duncan RR (2013) Imaging large
cohorts of single ion channels and
their activity. Front. Endocrinol. 4:114.
doi: 10.3389/fendo.2013.00114
This article was submitted to Neuroen-
docrine Science, a section of the journal
Frontiers in Endocrinology.
Copyright © 2013 Hiersemenzel, Brown
and Duncan. This is an open-access arti-
cle distributed under the terms of the Cre-
ative Commons Attribution License (CC
BY). The use, distribution or reproduc-
tion in other forums is permitted, pro-
vided the original author(s) or licensor
are credited and that the original publica-
tion in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Endocrinology | Neuroendocrine Science September 2013 | Volume 4 | Article 114 | 8
